Abstract. A longitudinal study of mosquito ecology in Tanyard Creek, an urban stream in Atlanta, GA, that receives combined storm and waste water effluent from the Atlanta combined sewage overflow system, was undertaken in 2006. Culex quinquefasciatus was the dominant species found, but Culex restuans was also abundant during the spring with limited numbers of Culex nigripalpis and Anopheles punctipennis also collected. Significant differences in mosquito densities were found with greater densities associated with side pools of water and stagnant water. Mosquito numbers are regulated largely by flooding of the stream by effluent discharges exceeding 15 kgal/min. These floods are associated with significant immediate reductions, but not complete elimination, of mosquitoes from Tanyard Creek. Mosquito numbers rebound within 5-10 days after such floods and rapidly reach high densities.
INTRODUCTION
Prior to 1999, West Nile Virus (WNV), a mosquito-borne flavivirus, was found in Africa, Europe, and the Middle East. 1, 2 In the summer of 1999, WNV was detected in an outbreak in New York City. 3 In the ensuing years, WNV spread throughout the United States, Canada, and the Caribbean, resulting in > 16,000 human infections and 686 deaths. 1, 4 In 2005, there were 2,949 WNV cases in the United States, including 1,288 cases with neuroinvasive disease and 116 deaths (E. Farnon, 2006 WNV Conference, unpublished data).
The virus is maintained in a mosquito-bird transmission cycle with humans, horses, and other mammals being deadend hosts. Enzootic maintenance of WNV depends on juxtaposition of susceptible bird and vector populations and presence of the virus. Transmission to humans requires a bridge vector for the virus between the bird and human populations. Although > 60 mosquito species have tested positive for the WNV, members of the Culex pipiens complex (Cx. pipiens and Culex quinquefasciatus) and Culex tarsalis are dominant species in the enzootic maintenance and amplification of this virus in the United States. 1, 5 These species may also serve as possible bridge vectors to humans. Field studies in the southeastern United States incriminated Cx. quinquefasciatus as the principal WNV vector in Florida, 6, 7 Georgia, and Louisiana. [7] [8] [9] In 2005, 66 mosquito pools from Georgia were positive by PCR for WNV; 63 of the WNV-positive pools contained Cx. quinquefasciatus. The remaining positive samples were from 2 Culex restuans and 1 Culex nigrapalpus pool (R. Kelly, Georgia State Health Department, unpublished data). Cx. quinquefasciatus is primarily ornithophilic, 5 but it is a possible bridge vector when feeding on mammals. 10, 11 Culex species are also vectors of St. Louis encephalitis virus and can be major nuisance species in urban areas. Cx. quinquefasciatus breeds in many different water sources, attaining high larval densities in water with high organic content, such as sewage treatment ponds, drains, 12, 13 and pit latrines. 14 Many urban areas in the United States, particularly in the northeastern and central states, have combined waste and storm water systems, known as combined sewage overflows (CSOs), for treating and disposing of water. In this system, during normal operating conditions, minimally treated wastewater and storm water are mixed and then piped to a waste water treatment facility. However, during times of heavy precipitation when water volumes exceed the capacity of the water treatment facilities, the combined waste and storm water bypasses the treatment facility to be discharged directly into streams or lakes after only minimal chlorine treatment and sieving of large physical contaminants at the CSO facility. These overflows or "events" result in the release of untreated human and industrial waste, toxic materials, and debris. Regulators differ from CSO facilities in that the mixed storm and waste water received by a regulator is directed to a water treatment plant during dry weather but is diverted to a CSO facility during times of heavy precipitation without providing either chlorine treatment or sieving.
More than 772 communities are affected by CSOs in the United States (http://cfpub.epa.gov/npdes/home.cfm? program_id‫.)5ס‬ Effluents from these CSOs create potential breeding sites for Culex spp. If streams receiving CSO effluent are used by Culex spp. for oviposition, the potential for the transmission of Arboviruses including WNV and St. Louis encephalitis virus transmission in urban areas could be significantly enhanced. The City of Atlanta has 7 CSOs and 2 regulators. Streams receiving effluent from CSO facilities and regulators will be referred to henceforth as "CSO streams." These CSO streams in Atlanta are centrally located in close proximity to residential, commercial, and recreational areas.
The overall goal of this study was to define the role of CSO streams for WNV vector mosquito production in Atlanta, GA. Specific objectives for this study of CSO streams were 1) to identify the mosquito species utilizing the streams, 2) to determine the environmental factors associated with increased mosquito densities, and 3) to understand the primary factors that regulate mosquito populations in these streams.
MATERIALS AND METHODS
Field sites. The study took place in the 3.4-km section of Tanyard Creek, ≈ 0.5 km downstream from the Tanyard Creek CSO facility in Atlanta, GA, to where it joins Peachtree Creek in the Bobby Jones Golf Course (Figure 1 ). Al-though Tanyard Creek above the study section is paved with concrete, the section of Tanyard Creek selected for study appears as a natural urban stream/creek habitat running through densely populated residential areas of Atlanta with public access at multiple sites including Ardmore Park, Collier Road, Bitsy Grant Tennis Center, and Bobby Jones Golf Course. Tanyard Creek is ≈ 10-15 m in width with a non-flood depth ranging from 1 to 2 m.
Tanyard Creek was mapped with a Garmin 60CS GPS unit. Eight sites within the Tanyard Creek study area were selected as representative habitats for detailed larval and pupal surveys. Weekly mosquito larval surveys of Tanyard Creek were conducted from June 29, 2005, through October 27, 2005, with less frequent sampling until December 12, 2005 . Mosquito populations were sampled by dipping. For a control, Rock Creek in the H. Taylor and D. Johnston Nature Preserve (located ≈ 3 miles east of Tanyard Creek) was sampled in a similar manner to Tanyard Creek. Rock Creek is a natural urban stream in the City of Atlanta that receives runoff from city streets but not wastewater effluent.
Surveys in Tanyard Creek consisted of 25 dips at each of the 8 sites (total of 200 dips/survey). Numbers of egg rafts, early instars (first and seconds), later instars (thirds and fourths), and pupae were counted for each dip and recorded. Egg rafts were transferred with a wooden applicator to 50-mL centrifuge tubes for transport to the laboratory with water samples from the CSO stream. All captured pupae were transferred to 50-mL conical centrifuge tubes for transportation to the laboratory. Adults were allowed to emerge prior to identification using the taxonomic keys of Darsie and Morris. 15 The habitat of each dip was defined and categorized. Bottom substrates were categorized as sandy, rocky/pebbly, or rock slab. Water flow rate was described as stagnant, slow or fast. Stagnant water was defined as having no visible water movement. Slowly moving water had barely perceptible surface movement, and fast water was defined as having obvious surface movement with agitation. Data on sunlight was dichotomized as either sunny or shady. Habitat locations were defined by pool size/type as being 1) a pool (i.e., being completely separated from the main creek), 2) the side or bank of the creek, or 3) located in the middle of the creek. Waterquality information was recorded as clear, cloudy/murky, rusty in color, or with visible surface oil.
Other species (insects, fish, etc.) encountered during the surveys were noted. Information on events was provided by the CSO facility manager and included duration, volume, and date of effluent discharge into Tanyard Creek.
Statistical analysis. Geometric means were calculated by exponentiating the log mean of the counts then subtracting 1 (1 was initially added to each count to derive log values on zero values). Poisson regression was used to compare mean counts by site and environmental characteristic. Regressions were run using SAS Proc Genmod (SAS, Inc., Cary, NC) implementing the generalized estimating equations (GEE) procedure to take into consideration the longitudinal aspect of the study and to adjust for the correlation among multiple observations from the same site. When making multiple comparisons, the ␣ level of each individual test was adjusted downward using the Bonferroni method to adjust for the increased risk of at least one spuriously significant result and to ensure that the per-experiment risk remains at 0.05. A 2-parameter exponential model was used to show the association between percent positive collections and average rate and/or volume of water released from the CSO. Statistical analyses were performed using SAS version 9.1 and/or SigmaPlot 2000 (SPSS, Chicago, IL). Statistical significance was set at ␣ ‫ס‬ 0.05.
RESULTS
In 2005, there were 567 discharges of effluent from the 7 CSO facilities and 2 regulators into urban streams in Atlanta (J. Shimmin, personal communication). During the 166 days that mosquito populations were monitored in Tanyard Creek, effluent was discharged from the CSO facility on 64 days. These events ranged in discharge volume from 104 kilogallons during 36 minutes to 173,366 kilogallons over a 28-hr period. An inverse relationship was found between the volume of water released in the previous 1-5 days and the prevalence of dips positive for any mosquito stage (Figure 2 ). When > 10,000 kilogallons of effluent were discharged from the CSO facility during the 5 days prior to sampling, very few larval mosquitoes were captured during the surveys of Tanyard Creek. Alternatively stated, flow rates > 15 kilogallons/ minute eliminated almost all larval mosquitoes in Tanyard Creek (Figure 3 ). Significant increases in the proportion of dips positive for mosquito stages were found within 5-10 days of an event (Figure 4) .
Cx. quinquefasciatus and Cx. restuans were the dominant species identified from pupae collected in Tanyard Creek; 58% and 42% of the larval mosquito populations in Tanyard 
BREEDING OF CX. QUINQUEFASCIATUS IN CSOS
Creek during June were Cx. quinquefasciatus and Cx. restuans, respectively ( Figure 5 ). The proportion of immatures that were Cx. quinquefasciatus increased steadily from June through October when only Cx. quinquefasciatus pupae were found. However, in November, 65% of adults identified from pupae were Cx. restuans. Mosquito immatures were not found during the December 12, 2005, survey. In addition, a small number of Anopheles punctipennis (N ‫ס‬ 1) and Cx. nigripalpus (n ‫ס‬ 4) were identified from pupae found in Tanyard Creek.
Significant differences in the geometric mean (gm) number of all mosquito immature stages per dip were found among the 8 sites ( Figure 6 ). Densities of all mosquito immature stages ranged from 0 to > 500/dip. Site 3 had significantly lower densities of all immature mosquito stages than sites 5 and 8 (P Յ 0.0010). Egg rafts were found at significantly higher densities at site 2 (gm ‫ס‬ 0.09; range: 0-18/dip) than at any of the other 7 survey sites. Site 1 had significantly lower densities (gm ‫ס‬ 0.14; range: 0-50/dip) of early stage larvae than sites 2, 5, 7, and 8 (P < 0.0001) while site 3 had significantly less late-stage larvae per dip (gm ‫ס‬ 0.17; range: 0-50) than was found at sites 5 and 8 (P < 0.0001). Pupae were found at significantly higher densities at site 8 (gm ‫ס‬ 0.11; range: 0-101) than at sites 2, 6, and 7 (P < 0.0003).
The densities of the immature mosquitoes varied significantly (P < 0.017) among sampling locations in Tanyard Creek (namely, side pools, banks of the main channel, and middle of the stream; Table 1 ). For all immature stages except pupa, density was significantly higher in side pools, lower in stream banks, and lowest in midstream. Although pupae were numerically denser in side pools compared with midstream, the difference was borderline significant. All immature life stages preferred shady to sunny locations, but this difference was only statistically significant for early instar larvae (P < 0.025). In contrast, immature mosquitos were rare in the non-CSO control stream of Rock Creek: 200 dips from Rock FIGURE 2. Prevalence of mosquito larvae and pupae (by dipping) and the cumulative water volume released from the Tanyard Creek CSO facility during the 5 days prior to sampling. Model: y ‫ס‬ 44.6 × exp(−0.0002x). Creek yielded a total of only 2 early instar larvae (one Anopheles species and one unidentifiable culicine).
Water movement played a major role on densities of immature mosquitoes with significantly (P < 0.0100) greater numbers of all stages (except egg rafts) found in stagnant compared with fast-moving water (Table 1) . Significantly more late larval instars and pupa were found in slow-versus fast-moving water as well (P < 0.0042). A statistically significant difference between stagnant water and slow water in the geometric mean numbers of egg rafts per dip (gm ‫ס‬ 0.036 and 0.006, respectively) was also present (P < 0.0167).
Water quality was an important factor in densities of immature mosquitoes. The highest densities for all stages were found in oily and/or rusty water, the lowest densities in clear water and/or cloudy/murky water. Compared with clear water counts, statistically higher densities were seen for egg rafts in oily, rusty, or cloudy/murky water (P < 0.0001); for pupa in cloudy/murky waters (P < 0.0001); for early instars in rusty and cloudy/murky waters (P < 0.0001); and for late instars in rusty water (P < 0.0001). (Table 1) .
Bottom substrates played an important, though lesser, role in immature mosquito populations. Egg rafts and early instars showed no preference for sandy, rock slab, or pebbly substrates, whereas late instar density was significantly higher (P < 0.006) on sandy bottom substrates and rock slabs than rocky/pebbly bottoms. Sandy substrates were also associated with higher-density pupae (P ‫ס‬ 0.003).
Other invertebrates were collected during sampling for mosquitoes. Midges (family: Chironomidae) were the most frequently captured nonmosquito invertebrate. Dragonfly nymphs and beetles were rarely seen; fish were only seen near the mouth of Tanyard Creek where it empties into Peachtree Creek.
DISCUSSION
In 1999, the City of Atlanta was found in violation of both the federal Clean Water Act and the Georgia Water Quality Control Act resulting from the discharge of effluent from CSO facilities into urban streams that empty into the Chattahoochee River. The settlement with the EPA required the City of Atlanta to 1) pay a $3.2 million fine (the largest Clean Water Act penalty ever assessed against a municipality [http://yosemite.epa.gov/opa/ admpress.nsf/016bcfb1deb9fecd85256aca005d74df/ 1d9bf67474410410852567bd0073d60c!OpenDocument]), 2) eliminate all discharges, and 3) implement detailed programs for CSO management within 14 years (minutes from City Council). The second term of the settlement requires (at a cost of $3.9 billion) the construction of an underground reservoir system to hold excess effluent during times of heavy precipitation until water treatment plants can process the material. The settlement addressed the environmental impacts of the CSO system on the streams and rivers in Atlanta but did not consider the impacts of either the present or the future CSO systems on mosquito populations.
This study documents that urban streams and creeks in Atlanta that receive effluent from regulators and CSO facilities can be major breeding sites for Cx. quinquefasciatus and Cx. restuans mosquitoes. Cx. quinquefasciatus was the dominant species in Tanyard Creek during the summer and early fall and was the mosquito species from which 95% of WNV positive-mosquito pools were detected in Georgia during 2005. Cx. restuans was also abundant in early summer, and populations of this mosquito resurged in late fall. WNV was also detected in this mosquito in Georgia in 2005.
All sections of Tanyard Creek were not equally productive for the immature stages of Culex mosquitoes: mosquito larvae and pupae achieved highest densities in isolated pools found along the banks of Tanyard Creek. Highest mosquito densities were also associated with stagnant and slow-moving water with sandy bottom substrates. Clear water contained the lowest densities of immature mosquitoes, and oily and rusty water was associated with significantly higher mosquito densities.
The combined waste and storm water in CSO streams such as Tanyard Creek provides an optimal environment for the larvae of Cx. quinquefasciatus and Cx. restuans. The organically rich water provides an ample food supply while at the same time creating an unfavorable environment for mosquito predators due to the diminished oxygen concentrations; invertebrate predators (e.g., dragonfly nymphs) were rarely noted in the CSO stream, whereas fish were seen only where Tanyard Creek empties into Peachtree Creek.
Ironically, immature mosquito populations in CSO creeks appear to be predominantly regulated by the same water-flow patterns that result in the release of pollutants that eventually flow into the Chattahoochee River. Flooding of the CSO basin with waste and storm water also flushes most mosquito larvae and pupae downstream. Although flooding significantly reduces the mosquito populations in the CSO creek, larvae and pupae are not eliminated entirely. The weekly time frame for sampling in this study did not permit precise estimation of the time needed for mosquito populations to rebound from flooding events. However, significant increases in the densities of late-instar larvae and pupae were seen 5-10 days after flooding.
CSOs have the potential to produce large numbers of Cx. quinquefasciatus, depending on the water-flow patterns. Infrequent flooding could increase the risk of urban transmis- sion of WNV within the flight range of Cx. quinquefasciatus by allowing rapid buildups in the larvae of vectors that breed in the CSO streams. The 9 CSOs and regulators in the City of Atlanta presently experience hundreds of flooding events per year. If the City of Atlanta has a drought, conditions would be ideal for mosquito production in the CSO streams. It is uncertain what the impact of the remediation system to prevent pollution of the Chattahoochee River will be. The new CSO system, designed to minimize pollution of the Chattahoochee River, is scheduled for completion in 2007. It is estimated that combined storm and waste water events would occur < 10 times per year after completion of the system under construction. This amount of flooding could potentially maintain an ideal environment in CSO streams for Cx. quinquefasciatus, the primary WNV vector in Georgia: infrequent flooding could maintain a high organic content in the streams with minimal flushing of mosquitoes downstream. Further monitoring of mosquito populations in CSO streams in Atlanta is needed to determine if the CSO remediation system will facilitate the growth of mosquito populations. As the new system is scheduled to be operational in 2007, there is an urgent need to evaluate interventions to control both larval populations in streams and emergency adult control strategies. 
